Abstract-We describe the cooling theory for isolated neutron stars that are several tens of years old. Their cooling differs greatly from the cooling of older stars that has been well studied in the literature. It is sensitive to the physics of the inner stellar crust and even to the thermal conductivity of the stellar core, which is never important at later cooling stages. The absence of observational evidence for the formation of a neutron star during the explosion of Supernova 1987A is consistent with the fact that the star was actually born there. It may still be hidden in the dense center of the supernova remnant. If, however, the star is not hidden, then it should have a low thermal luminosity (below ∼10 34 erg s −1 ) and a short internal thermal relaxation time (shorter than 13 yr). This requires that the star undergo intense neutrino cooling (e.g., via the direct Urca process) and have a thin crust with strong superfluidity of free neutrons and/or an anomalously high thermal conductivity.
INTRODUCTION
The explosion of Supernova (SN) 1987A was of immense importance in understanding the many processes that accompany gravitational collapse and shell expansion (see, e.g., Imshennik and Nadyozhin 1988; Arnett 1996; Immler et al. 2007 ). The confident identification of the progenitor star (the blue supergiant Sk 1) and the detection of a neutrino burst suggested that gravitational collapse had occurred. The collapse of such a star (with a mass ∼20M ) is currently believed to produce a compact object, most likely a neutron star. However, numerous attempts to detect the newly born star (by various methods and in various spectral ranges) have failed. We will analyze how much the nondetection of a neutron star over more than 20 years of observations is compatible with the neutron star cooling theory.
SEARCHING FOR THE NEUTRON STAR
The young neutron star in the remnant of SN 1987А should be an intense source of soft X rays. As will be shown below, the effective surface temperature of a cooling isolated neutron star with an age t ∼ 10 − 30 yr does not exceed T ∞ s (3 − 6) × 10 6 K. The superscript ∞ denotes the temperature recorded by a remote observer. For a blackbody spectrum of * E-mail: yak@astro.ioffe.ru thermal radiation, the intensity reaches its maximum at photon energy hν 0.7 − 1.5 keV. The outer layers of the expanding SN 1987А remnant are already transparent in all spectral ranges, but its inner part is still opaque and can hide the neutron star (see, e.g., Fransson and Chevalier 1987; Burrows et al. 2000 ; Shtykovskiy et al. 2005; Manchester 2007 ; and references therein). In soft X rays, the SN remnant becomes increasingly bright (owing to its expansion), which makes it difficult to detect a point source.
As yet no point X-ray source has been detected in the SN 1987А remnant, but upper limits on its luminosity have been established. Thus, for example, the Chandra observations in 2000 yielded an upper limit on the soft X-ray luminosity L ∞ γ (0.5-2 keV) < 2.3 × 10 34 erg s −1 (Burrows et al. 2000) . (20-60 keV) . Extrapolating the results to the softer X-ray range, they obtained the faintest upper limit L ∞ γ (2-10 keV) < (0.6 − 1.6) × 10 36 erg s −1 . Given the aforesaid, we assume that the upper limit on the thermal X-ray luminosity of the neutron star (unobscured by the shell) is
If the star is hidden in the dense center of the SN remnant, then its true luminosity can be even higher. Assuming that L ∞ γ = 4πσR 2 ∞ (T ∞ s ) 4 and taking a typical "apparent" stellar radius, R ∞ = 14 km (Haensel et al. 2007 ), we will obtain T ∞ s < 2 × 10 6 K from (1). Note also the upper limit on the optical and ultraviolet luminosity of the point source in the SN 1987А remnant, L ∞ γ (2900-9650Å) < (5-8) × 10 33 erg s −1 derived by Graves et al. (2005) from the Hubble observations in 1999 and 2003. For a thermal source with an intensity maximum in the soft X-ray range, this limit is fainter than the X-ray limit (1) and is disregarded below.
Finally, we will mention the unsuccessful searches for a pulsating source (pulsar) in various spectral ranges, particularly in the radio and optical ones (see, e.g., Percival et al. 1995; Manchester 2007 ; and references therein). The absence of a pulsar can be explained by mass accretion from a dense cloud onto the neutron star (see, e.g., Woosley and Weaver 1995). The stellar magnetic field may be buried under the accreted matter; it will take a long time for this field to diffuse outward and for the star to become a pulsar (Muslimov and Page 1995; Geppert et al. 1999 ).
COOLING MODELS FOR YOUNG NEUTRON STARS
According to present-day theories, neutron stars are born hot, with an internal temperature of ∼10 11 K. After a short (several tens of seconds) proto-neutron star stage, the formed star becomes transparent to neutrino emission. It cools for t ∼ 10 4 -10 5 yr mainly via neutrino emission from its interior and, subsequently, via photon emission from its surface (see, e.g., Yakovlev and Pethick 2004; Page et al. 2006 ). We are interested in the cooling of a neutron star that is several tens of years old. No thermal radiation has ever been observed from such stars, while only a few papers are devoted to their cooling (Nomoto and Tsuruta 1987; Lattimer et al. 1994; .
For the purposes of illustration, we will provide the calculations that were performed using our cooling code , which includes the effects of general relativity on the structure and evolution of stars. To simplify the description of our calculations, recall that the outer and inner crusts as well as the outer and inner cores can be distinguished in a neutron star (see, e.g., Haensel et al. 2007 ). The outer crust extends to a density of ∼4 × 10 11 g cm −3 and is composed of electrons and atomic nuclei. The inner crust extends to a density of ≈ 1.4 × 10 14 g cm −3 and is composed of electrons, atomic nuclei, and free neutrons. The stellar core is composed of homogeneous asymmetric nuclear matter. The inner core begins at a density of the order of several nuclear densities. The boundary between the outer and inner cores is often not defined well enough. We will assume that this boundary corresponds to the direct Urca threshold (see below).
Let us consider the models of neutron stars whose cores are composed of nucleons, electrons, and muons and have a moderately stiff phenomenological equation of state suggested by Prakash et al. (1988) . It corresponds to the compression modulus of equilibrium symmetric nuclear matter K = 180 MeV and the functional form of the symmetry energy suggested by Page and Applegate (1992) . The gravitational mass of the most massive stable neutron star with this equation of state is M max = 1.713M ; the circumferential radius of this star is R = 9.59 km and its apparent radius is R ∞ = R/ 1 − r g /R = 13.94 km (r g = 2GM/c 2 is the Schwarzschild radius). The central density of this star is ρ c = 3.33 × 10 15 g cm −3 . The threshold density for opening a powerful neutrino direct Urca process involving electrons (Lattimer et al. 1991) for the equation of state in question is ρ th = 1.185 × 10 15 g cm −3 , while the threshold density for the direct Urca process involving muons is slightly higher and does not affect noticeably the cooling (Bejger et al. 2003) . The mass of a neutron star with the central density ρ c = ρ th is M th = 1.343M (at R = 11.61 km and R ∞ = 14.30 km). In stars with M < M th , the direct Urca process of neutrino cooling is forbidden and they cannot cool too rapidly. In more massive stars, the direct Urca process is open and can greatly accelerate the cooling (unless it is suppressed by nucleon superfluidity). For other equations of state of nucleon matter that permit the direct Urca process, the cooling curves change quantitatively but not qualitatively .
In several calculations, we will take into account the superfluidity in the stellar core. We will choose a typical model of superfluidity that can explain the observations of isolated middle-aged neutron stars (see, e.g., Kaminker et al. 2002; Yakovlev and Pethick 2004) . The chosen phenomenological density dependence of the critical proton temperature in the stellar core, T cp (ρ), is shown in Fig. 1 . In the outer core, this superfluidity is moderately strong. It extends beyond the threshold for the direct Urca process and can suppress this process in stars with masses that do not exceed greatly M th . Nevertheless, it disappears at a sufficiently high density (the repulsive component of the proton-proton interaction begins to hamper the Cooper pairing; see, e.g., Lombardo and Schulze 2001). In fact, it does not suppress the neutrino luminosity via the direct Urca process in stars with M ∼ M max . The neutron superfluidity in the stellar core is assumed to be weak (in our calculations, it is disregarded altogether).
We will pay particular attention to the thermal conductivity of neutron star cores. In the adopted model of a nucleon stellar core, the thermal conductivity is determined mainly by neutrons, electrons, and muons, κ = κ eµ + κ n . The thermal conductivity κ eµ calculated without including the Landau damping via the exchange of transverse plasmons in collisions of electrons and muons with charged particles had long been used in the literature. In the absence of nucleon superfluidity, it dominated over the neutron thermal conductivity κ n (κ ≈ κ eµ ). However, as was shown by Heiselberg and Pethick (1993) (for a plasma of relativistic quarks), including the Landau damping can reduce appreciably the thermal conductivity. Shternin and Yakovlev (2007) reconsidered κ eµ by taking into account the Landau damping and showed that (in the absence of superfluidity) the Landau damping reduces κ eµ below κ n , so that κ ≈ κ n .
In Fig. 2 , κ is plotted against density in the inner crust and core of a neutron star for two temperatures of matter, T = 10 8 and 10 9 K. The thermal conductivity κ n was calculated using results from Baiko et al. (2001) . The solid and dashed lines indicate the thermal conductivity in a nonsuperfluid core and in the presence of proton superfluidity, respectively. Superfluidity increases the thermal conductivity, because it suppresses the scattering of electrons, muons, and neutrons by protons and changes the plasma screening via charged particle scattering (Shternin and Yakovlev 2007) . Curves l indicate the thermal conductivity without including the Landau damping. We see that the new thermal conductivity is more than an order of magnitude lower than the old one. The Landau damping can also reduce appreciably the electron thermal conductivity in the crust of a cool neutron star (Shternin and Yakovlev 2006) . This effect was included in our calculations, but it does not affect the cooling of young neutron stars.
In principle, heat can also be transferred in neutron stars by convection. Convection is known to play a crucial role in the evolution of a proto-neutron star (t 1 min; see, e.g., Imshennik and Litvinova 2006; Dessart et al. 2006 ; and references therein). However, in the case of interest to us (ordinary neutron stars; t 1 yr), convection probably plays no particular role. The search for convective layers was included in neutron star cooling codes. Thin layers emerge near the surface of a neutron star (see, e.g., Miralles et al. 1997; Shibanov et al. 1998 ), but they do not affect its cooling.
In our calculations, we used the standard physics of a neutron star crust ). The outer, heat-insulating stellar envelope is assumed to be composed of iron and to contain no magnetic field. Figure 3 shows the profiles of temperature T i (ρ, t) = T (ρ, t) exp(φ) inside a nonsuperfluid neutron star of mass M = 1.7M (R = 10.01 km, ρ c = 2.700 × 10 15 g cm −3 ) at various times t (for a remote observer), from the onset of cooling at t = 0 to 50 yr. Here, T is the true local temperature, while the factor exp(φ) contains a metric function φ(ρ) and specifies the gravitational redshift (Shapiro and Teukolsky 1985) . It is the temperature T i (ρ, t) that is constant throughout the star in thermal equilibrium, given the general relativity effects (Thorne 1977) . At t = 0, we set T i = 10 10 K in our calculations; this artificial initial condition is quickly "forgotten" and does not affect the subsequent evolution of the star.
THREE COOLING STAGES OF YOUNG NEUTRON STARS
According to Fig. 3 , the inner core of a massive star where the direct Urca process is open cools faster than its outer core at t 20 yr. The temperature distribution turns out to be heterogeneous, with great temperature differences at the crust-core and innerouter core boundaries and in the thin heat-insulating envelope near the stellar surface. However, as the star cools, the neutrino emission weakens and the thermal conductivity equalizes the internal temperature. The temperature difference between the inner and outer cores is generally equalized faster than that between the core and the crust. The temperature equalization in rapidly cooling neutron stars was analyzed in detail by Lattimer et al. (1994) . The temperature in lowmass stars (with the forbidden direct Urca process) is equalized appreciably longer ). 34 and 1.35M ). The luminosity L ∞ γ (t) of a young neutron star evolves in three stages, with the changes in the internal thermal structure of the stars being much more varied than the changes in L ∞ γ (t). The first stage corresponds to an early phase of internal thermal relaxation. It lasts until a noticeable drop in luminosity L ∞ γ (t) (the plateau of the cooling curves in Fig. 4) . At this stage, the internal temperature distribution is highly nonuniform. The stellar crust is appreciably hotter than the core; the luminosity L ∞ γ (t) is insensitive to the physics of the inner stellar crust and core (in particular, to the opening of the direct Urca process) but is determined by the properties of the surface layers.
The second stage begins when the internal thermal relaxation ends. It is accompanied by a noticeable drop in luminosity L ∞ γ (t). It is convenient to introduce the relaxation time t r (Lattimer et al. 1994) as the time of the fastest decrease in L ∞ γ (t). The observation of thermal radiation from a neutron star at this stage can, in principle, allow the time t r to be measured. It is determined by the physical properties of the stellar layers with the most protracted relaxation. For the conditions in Fig. 4 , these include the inner crust at the boundary with the core. The time t r is then determined by the heat capacity, thermal conductivity, and neutrino emission of the crust and by its thickness (Lattimer et al. 1994 ; ).
In addition, t r depends, though more weakly, on the conditions in the stellar core, primarily on whether the direct Urca process is present. In stars with M ≤ M th ≈ 1.34M , this process is forbidden in Fig. 4 ; their relaxation time t r ∼ 100-200 yr. In more massive stars, the direct Urca process is permitted and the relaxation is faster (t r ∼ 30 yr at M ≈ M max ). The times t r satisfy simple similarity relations; for low-and high-mass stars, these relations are different (Lattimer et al. 1994 ; .
Note that t r depends on the thermal conductivity of the stellar cores. As an example, Fig. 5 shows the cooling of nonsuperfluid neutron stars with several masses. The solid and dashed curves were calculated with the new and old (see Fig. 2 ) thermal conductivities, respectively. The decrease in thermal conductivity under the action of Landau damping increases the relaxation time but, generally, by no more than 20% (whereas any increase in thermal conductivity in the core would not change the relaxation time at all). However, for stars with a mass M that is only slightly higher than the threshold mass M th (having a tiny inner core with a high neutrino luminosity), the relaxation is longer by a factor of several. Thus, for example, for a star with M = 1.35M , we have t r ≈ 100 yr for the old thermal conductivity and t r ≈ 300 yr for the new one in Fig. 5 . Note also that the cooling of a star of any mass after its relaxation is excellently described in the approximation of isothermal inner layers and does not depend on the thermal conductivity in the core at all. The third stage is the cooling of an internally equilibrium star after its relaxation (t t r ). It is this cooling that is usually studied in the literature and is compared with observations. It is governed by the heat capacity and neutrino emission of the stellar core and by the thermal conductivity of the heatinsulating surface layers. For the conditions in Fig. 4 , two distinctly different populations of neutron stars emerge at this stage: rapidly (M < M th ) and slowly (M > M th ) cooling stars separated by a very narrow range of masses, ∆M 0.01M . These results are in conflict with the observations of isolated middle-aged neutron stars (see, e.g., Kaminker et al. 2002) . Figure 6 shows the cooling of neutron stars of various masses with proton superfluidity (see Fig. 1 ). Superfluidity does not change the stellar luminosity L ∞ γ (t) at the first cooling stage, but it becomes important at the subsequent stages. It reduces the neutrino luminosity of low-mass stars and slows down their cooling (Kaminker et al. 2002) . In addition, it smears the direct Urca threshold and ensures a smooth transition from slow to rapid cooling. As a result, three representative types of neutron stars are formed: slowly cooling low-mass stars, rapidly cooling high-mass stars, and moderately rapidly cooling intermediate-mass stars. This explains the observations of cooling middle-aged neutron stars (Kaminker et al. 2002) . As in the absence of superfluidity, the new thermal conductivities protract the relaxation (Fig. 7) , though not so greatly.
Let us summarize the peculiarities of the cooling of young neutron stars. 
corresponding to a surface temperature T ∞ s ∼ (3 − 6) × 10 6 K. The lower values of L ∞ γ and T ∞ s correspond to the presented calculations. The upper values are obtained if we assume that the star has an accretion envelope of light elements (with reduced heat insulation; Potekhin et al. 1997 ).
(2) After thermal relaxation (t ∼ t r ), the luminosity L ∞ γ (t) decreases appreciably. The relaxation time t r is determined mainly by the properties of the stellar crust and, to a lesser extent, by the properties of the core. Under ordinary assumptions about the crust and core properties (in Figs. 4-7) , t r 30-300 yr.
(3) The subsequent cooling of internally equilibrium stars (t t r ) is governed by the physics of their core, their mass, and the properties of the outer envelopes, which has been well studied in the literature. 
THEORY AND OBSERVATIONS
Let us compare the cooling theory with the observational upper limit on the thermal luminosity (1) of the hypothetical neutron star in the SN 1987А remnant. Several cases are possible.
A Neutron Star with a Normal Relaxation Time
We have in mind the typical relaxation time (3) obtained in our calculations under ordinary assumptions about the properties of the stellar matter. In this case, the age t ≈ 13-14 yr is shorter than the relaxation time (3) and a star of this age is at the first cooling stage. Its theoretical luminosity (2) exceeds the observational limit (1) by a factor of 20-100. Such a star should be hidden in the center of the SN remnant. For the minimum theoretical luminosity and a thermal spectrum, the optical depth at the maximum of the spectrum (hν ∼ 0.7 keV) should exceed τ (0.7 keV) 3 (and the total hydrogen column density to the star in the remnant at Galactic heavy-element abundances is N H 10 22 cm −2 ). For the maximum theoretical luminosity, we have, respectively, τ (1.4 keV) 4.5 (N H 5 × 10 22 cm −2 ). These results are consistent with the optical depth of the SN remnant, τ (5 keV) ∼ 7, estimated by Shtykovskiy et al. (2005) . If the aforesaid is true, then the completion of the star's thermal relaxation is yet to come. It will possibly be observable once the center of the SN 1987А remnant becomes transparent as a noticeable decrease in stellar luminosity L ∞ γ (t). If one succeeds in determining t r , then it will be possible to impose constraints on the thickness of the envelope and on the physical properties of the inner stellar layers that determine t r .
A Neutron Star with a Short Relaxation Time
The neutron star may not be hidden by an opaque envelope. The thermal relaxation then has been completed (t > t r ) and the star has become cool (its luminosity dropped below limit (1)). The theory allows this possibility under the following assumptions. First, the neutron star should be massive enough. Its neutrino luminosity should be enhanced (e.g., by the direct Urca process unsuppressed by superfluidity at the stellar center). Otherwise, the relaxation process would be protracted and indistinct. Second, to shorten the relaxation, the star should possess a thin crust. Subsequently, short relaxation is achieved by the suppression of the heat capacity of free neutrons in the inner stellar crust by strong neutron superfluidity (with a critical temperature T cn (ρ) 3 × 10 9 K). Finally, short relaxation is possible at an anomalously high thermal conductivity of the crust. This assumption is unusual for cooling calculations, but it is allowed by the theory. It may well be that strong neutron superfluidity in the inner crust gives rise to a very efficient mechanism of heat transfer by convective motions of the normal neutron liquid component in the presence of a temperature gradient. This mechanism is well known from laboratory experiments with liquid 4 He (see, e.g., D. Tilley and J. Tilley 1990) . No temperature gradient can be produced in pure 4 He under experimental conditions-it is immediately smeared by the emerging convective motions. A similar mechanism can also operate in the inner crust of a neutron star and can make it isothermal. It was mentioned in astrophysical literature (Flowers and Itoh 1976, 1979), but it has not been developed quantitatively.
The aforesaid is illustrated in Figs. 8 and 9 , which show the cooling curves for a massive (M = 1.7M ) neutron star without and with proton superfluidity in its core. Curves 2 correspond to extremely strong superfluidity of free neutrons in the inner core, which completely suppresses the neutron heat capacity. Curves 3 were calculated by assuming that the thermal conductivity of the inner crust was infinite. Curve 4 in Fig. 8 corresponds to an infinite thermal conductivity and a zero heat capacity of free neutrons in the inner crust. We see that proton superfluidity in the stellar core accelerates noticeably the relaxation. In contrast, using the new thermal conductivity in the core for unusual properties of the crust decelerates greatly the relaxation. The thermal conductivity of the core is particularly important in the model of an isothermal crust (since the main relaxation in this model takes place not in the stellar crust but in the core). As a result, curve 4 in Fig. 8 , along with curves 2-3 in Fig. 9 , calculated with the new thermal conductivity actually give the required short relaxation time (t r < t). Even shorter relaxation is achieved by assuming the inner crust and the core to be isothermal (curves 5). In this case, relaxation takes place only in the thin outer crust.
Short relaxation is also characteristic of strange stars with a crust. Strange stars composed mainly of quark matter can have only a thin crust of normal matter that extends to a density no higher than the neutronization density in the crust of an ordinary neutron star (ρ 4 × 10 11 g cm −3 ). The thermal relaxation in a strange star with a crust is determined by the diffusion of heat through the thin crust and can take only a few hours (see, e.g., Page et al. 2006 ).
Thus, the cooling theory allows the thermal relaxation time to be shortened to t r t, consistent with the assumption that the star is not obscured by an expanding shell.
Other Scenarios
Of course, other scenarios that explain the nondetection of a neutron star in the SN 1987А remnant are also possible.
In particular, we can combine the two cases described above and assume that the star is slightly obscured by the center of the SN shell and has a shortened relaxation time (e.g., solid curves 2 and 3 in Fig. 8 ).
Another possibility is to take a faint upper limit on the luminosity of the point object in the SN 1987A remnant (Shtykovskiy et al. 2005 ; see above) instead of (1). It is higher than the theoretically predicted limit (2) . In this case, any cooling neutron star (hidden or unhidden by the SN shell) is so far unobservable.
Finally, it may well be that the neutron star in the SN 1987А remnant was formed and then collapsed into a black hole, for example, after the deceleration of a very rapid rotation or as a result of accretion and subsequent loss of stability (see, e.g., Fryer et al. 1999; Imshennik and Ryazhskaya 2004 ; and references therein).
CONCLUSIONS
We have shown that the observations of the SN 1987А remnant and the cooling theory for young neutron stars are consistent with the fact that a neutron star was formed in the SN 1987А remnant. There are the two most likely possibilities.
(1) The neutron star has the normal thermal relaxation time (3), but it is hidden in the opaque center of the SN shell. The shell should then absorb the thermal X-ray radiation from the star by more than a factor of 5, while the (unobservable) star has not yet reached thermal relaxation. When the star is detected once the shell has become transparent, there is a chance of observing a decrease in the thermal luminosity of the star after its thermal relaxation and imposing constraints on the properties of the matter in the inner stellar layers.
(2) The star is not hidden by the SN shell, but it has cooled; the thermal relaxation in it has been completed. Such a short relaxation time (less than 14 yr) is possible only if the star undergoes intense neutrino cooling and has a thin crust with strong neutron superfluidity and/or an anomalously high thermal conductivity. Short relaxation times are also typical of strange stars with a crust.
We also showed that the relaxation time depends on the thermal conductivity of the superdense stellar core, particularly in the scenarios with a short relaxation time.
In any case, the searches for a young neutron star in the SN 1987А remnant should be continued.
